Changes in the cerebrovascular system due to age or disease can significantly alter the blood-oxygenation-level-dependent (BOLD) signal and complicate its interpretation. The simultaneous acquisition of arterial spin labeling (ASL) and BOLD data represents a useful technique to more fully characterize the neurovascular underpinnings of functional brain response to cognition. We conducted a functional magnetic resonance imaging (FMRI) study of episodic memory encoding to investigate whether age is related to cerebral blood flow (CBF) and BOLD response in the medial temporal lobe (MTL). Results demonstrated a significant reduction in resting-state CBF in older compared to young adults. Conversely, older adults showed significantly increased CBF but not BOLD response in the MTL during picture encoding relative to young adults. Correlations between CBF response and cognition were demonstrated whereas associations with BOLD were not observed. Stroke risk was associated with both CBF and BOLD response. Results suggest that aging effects on CBF and BOLD responses to encoding are dissociable and that cerebrovascular alterations contribute to findings of age-related differences. Published by Elsevier Inc.
Introduction
Functional neuroimaging has been used to study the neural substrates of age-related cognitive decline. Functional magnetic resonance imaging (FMRI) studies typically measure the blood-oxygen-level-dependent (BOLD) signal, an indirect measurement of neuronal activity that depends on several physiological variables (cerebral blood flow [CBF] , cerebral blood volume [CBV] , and cerebral oxygen consump-tion [CMRO 2 ]). With advancing age, there are alterations in the cerebrovascular system that may affect neurovascular coupling (for review see D 'Esposito et al., 2003) , including altered cerebrovascular ultrastructure, reduced elasticity of vessels, increased atherosclerosis, reduced CBF in the resting state, decreased resting CMRO 2 , and reduced vascular reactivity to chemical modulators (Bentourkia, 2001; Claus et al., 1998; D'Esposito et al., 2003; Kawamura et al., 1993; Markus and Cullinane, 2001; Yamaguchi et al., 1986) . Even 'healthy' older subjects may have undetected, clinically silent vascular pathology (DeCarli et al., 2005; D'Esposito et al., 2003) . Thus, the interpretation of findings from FMRI studies is complicated by age-related differences in cerebrovascular dynamics that affect neurovascular coupling. Therefore, it is critical to assess for cerebrovascular function (e.g., CBF, stroke risk) in older adults and to consider this information when interpreting FMRI results.
Despite these considerations, results of studies examining age-related differences in resting-state global and regional CBF have not been consistent. Some studies have yielded no significant association between advancing age and global (Waldemar et al., 1991) or regional CBF (Yamaguchi et al., 1986) . In contrast, other have shown the coupling of agerelated atrophy with decreases in perfusion (Kaszniak et al., 1979; Kety, 1956; Meyer et al., 1994) , suggesting that atrophy results in reduced cerebral metabolism. Positron emission tomography (PET) and single photon emission computed tomography (SPECT) studies have shown age-related reductions in both global CBF (Akiyama et al., 1997; Hagstadius and Risberg, 1989; Krausz et al., 1998; Matsuda et al., 2003) as well as regional CBF in the medial temporal lobe (MTL; Krausz et al., 1998) , parahippocampus (Martin et al., 1991; Matsuda et al., 2003) and hippocampus (Larsson et al., 2001; Tanaka et al., 2000) .
FMRI has also been used to measure brain changes with aging. For example, with regard to learning and memory processes, some studies have demonstrated reduced MTL activation as measured by PET or BOLD FMRI signal in older compared to young adults during encoding of faces (Grady et al., 1995) and complex scenes (Gutchess et al., 2005) . Decreased activation in older adults in these studies typically has been proposed to reflect reduced efficiency in cognitive processing (Cabeza et al., 1997; Grady et al., 1995; Madden et al., 1996) . This age-related reduction during encoding is often accompanied by increased recruitment of non-MTL regions, such as frontal regions, thought to reflect an agerelated strategic mechanism in which older adults engage more regions in order to maintain performance (Daselaar et al., 2006; Gutchess et al., 2005) .
In contrast, other groups have reported increased MTL activation with advancing age (Madden et al., 1999) . Increased MTL activation in these studies has been proposed to reflect compensatory mechanisms or less efficient processing (Cabeza et al., 1997) . Other studies have demonstrated no age-related differences in brain activity between older adults with normal memory performance and young adults during episodic encoding (Daselaar et al., 2003) . However, the young adults showed significantly greater activation in the perirhinal/parahippocampal region relative to a group of older adults demonstrating reduced memory performance. It has been proposed that there is a correlation between the degree of MTL activation and the number of associations formed during encoding of stimuli (Henke et al., 1997) so decreased activation in the older adults demonstrating reduced memory performance may reflect the formation of fewer memory associations. Thus, to date, studies of normal aging have shown increases (e.g., Madden et al., 1999) , decreases (e.g., Grady et al., 1995) , and no age-related differences (e.g., Daselaar et al., 2003) in response to encoding in the MTL.
Although discrepancies across studies regarding increases versus decreases in the BOLD response may be related to such theoretical distinctions, differences across samples may also relate more simply to the coupling between the hemodynamic response and its underlying neurophysiology and neuroanatomy. Another issue is that differences in resting state may influence the magnitude of the BOLD response (Cohen et al., 2002) . If the BOLD signal is not calibrated based on resting state, greater BOLD response may be falsely interpreted as a compensatory response when it may actually be a consequence of the resting state. The incorporation of techniques to measure resting state has the potential to directly address some of the current inconsistencies in the literature.
Most neuroimaging studies have relied on PET, SPECT, and BOLD FMRI technologies, although another MRI technique termed arterial spin labeling (ASL) is an attractive alternative. ASL is a non-invasive MRI procedure in which arterial water is magnetically labeled and used as an endogenous tracer to measure CBF . Unlike PET and SPECT techniques, ASL involves the use of an endogenous tracer rather than an intravenously administered contrast agent and relatively brief scan times (typically 5-10 min). Due to T 1 relaxation, the magnetization of the labeled blood water decays within seconds allowing ASL scans to be repeated in short succession (Johnson et al., 2005) . In addition, ASL may have advantages over the BOLD signal. The BOLD signal depends on several physiological effects whereas ASL directly measures CBF (typically in physiological units of millimeters of blood per 100 g tissue/min). ASL signal may be more closely related to neuronal activity and may better localize functional activity as it involves the arterial side of the vascular tree whereas BOLD is suggested to mainly involve the venous side (Lee et al., 2001) . Functional changes in CBF have demonstrated less inter-subject variability and have been shown to be more robust to baseline vascular changes relative to BOLD (Aguirre et al., 2002; Brown et al., 2003; Stefanovic et al., 2006) . Combining both techniques (e.g., FMRI using ASL/BOLD) would provide valuable complements to more fully characterize the neurovascular underpinnings of encoding but would also require the acquisition and joint analysis of quantitative measurement of functional CBF and BOLD responses. Preliminary studies demonstrate the feasibility of using combined ASL/BOLD to measure the functional perfusion and BOLD response to encoding (Restom et al., 2006 (Restom et al., , 2007 .
We combined ASL and BOLD FMRI to examine agerelated differences in MTL at rest and during episodic memory encoding. The use of both CBF and BOLD data may help disentangle the complex functions these techniques involve by eliminating some of the assumptions on which FMRI techniques rely (Hoge et al., 2005) . We also examined the effects of age and cerebrovascular function (e.g., stroke risk) on CBF and cognition. With changes in aging and cerebrovascular function, we expected MTL hypoperfusion in older relative to young adults at rest. However, we expected a greater increase in CBF and BOLD response in older compared to young adults during novel picture encoding, which may reflect the operation of compensatory mechanisms (Bondi et al., 2005; Han et al., 2007) . Similar increases in BOLD and CBF response would provide support for the integrity of the neurovascular system. On the contrary, disparities between simultaneously acquired CBF and BOLD response to identical stimuli would suggest cerebrovascular alterations. Thus, combined ASL/BOLD imaging will address the confounds of using BOLD measures alone to characterize age changes in brain function and may shed light on heretofore inconsistencies across studies.
Methods

Participants
Fifteen healthy and independently living older adults and 15 young adults were recruited with institutional review board-approved procedures. Older participants were recruited from a larger pool of individuals participating in the UCSD Alzheimer's Disease Research Center as well as from another longitudinal study of normal aging. Young adults were recruited from the local university community. Participants were selected without regard to race, ethnicity, or socioeconomic status. Older participants were non-demented based on extensive medical, neurological, and neuropsychological examinations. Individuals with a reported history of substance abuse, neurological illness, or psychiatric disorders were excluded from the study. All subjects with the exception of one older adult were right-handed.
Neuropsychological assessment
All participants were administered measures of learning and memory (California Verbal Learning Test-II; Delis et al., 2000) and executive function (Trail Making, Verbal Fluency, and Design Fluency subtests of the Delis-Kaplan Executive Function System; Delis et al., 2001) . As part of their participation in the ongoing longitudinal studies, older adults were also administered measures of global cognition (Mattis Dementia Rating Scale; Mattis, 1988) and memory (WAIS-R Digit Span; Wechsler, 1981; WMS-R Logical Memory; Wechsler, 1987) . Demographically corrected standard scores from each of the test's normative reference groups were used in all analyses.
Stroke risk assessment
Validated health risk appraisal functions were used for the basis of the evaluation of stroke risk (Framingham Stroke Risk Profile; FSRP; D'Agostino et al., 1994) . The following stroke risk factors were included: age, systolic blood pressure, diabetes mellitus, cigarette smoking, prior cardiovascular disease, atrial fibrillation, left ventricular hypertrophy by electrocardiogram, and the use of antihypertensive medication. Using methods previously described by D 'Agostino et al. (1994) , a total stroke risk score summing the assigned number of points related to each of the individual stroke risk factors was calculated for each older participant. Prior to scanning, systolic blood pressure was twice measured using a sphygmomanometer on the left and right arms of seated participants on the day of study participation. The mean of the two measurements was used in all analyses. Other stroke risk information was collected via participant interviews.
FMRI behavioral task
Functional scanning involved a picture-encoding task consisting of the presentation of novel and familiar landscape images (Stern et al., 1996) . Prior to the functional scanning, participants viewed four landscape images (two with horizontal and two with vertical aspect ratio) for approximately 10 min and these images then served as the familiar images during scanning. During the functional scanning session, images were displayed in a blocked design with each block consisting of either 10 familiar (i.e., repeated) or 10 novel images. Each image was displayed for 2 s with a 0.5 s interval between images. Five blocks of novel and five blocks of familiar scenes were presented per run (250 s) in an alternating fashion with three runs per subject. The order of images within each block was pseudorandom. The stimuli were generated using the Psychophysics Toolbox for Matlab (Mathworks, Natick, MA, USA). Stimuli were presented via an LCD projector that was back-projected onto a screen at the participant's feet. To ensure that participants maintained adequate attention, they were instructed to determine whether each image had a horizontal or vertical aspect ratio and make an appropriate response using a two-button response box. Responses were monitored by the scanner operators to ensure compliance and accuracy.
Imaging acquisition and analyses
Structural and functional imaging acquisition
Participants were scanned on a 3.0 Tesla General Electric Medical Systems EXCITE whole body imager with an 8-channel receive-only head coil (General Electric Medical Systems, Milwaukee, WI, USA). Functional BOLD and ASL data were simultaneously acquired using a quantitative pulsed ASL sequence (PICORE QUIPSS II; Wong et al., 1998 ) with a dual-echo single-shot spiral acquisition (TE 1 = 2.4 and TE 2 = 24 ms). Five contiguous oblique slices, each 6 mm thick, were acquired at the level of the hippocampus. A tagging slab of 200 mm thickness was placed 10 mm below the most inferior slice. Tag images were interleaved with control images. Other parameters included TI 1 = 700 ms, TI 2 = 1400 ms, matrix size 64 × 64, FOV 240 mm, flip angle = 90 • , TR = 3000 ms, and 84 repetitions. The total scan time for each ASL run was approximately 4 min and 20 s.
One resting-state and three functional scans were acquired. In addition, a cerebral spinal fluid (CSF) reference scan was acquired for use in CBF quantification. The CSF scan consisted of a single-echo, single repetition scan acquired at full relaxation and echo time equal to 2.4 ms. This scan used the same in-plane parameters as the resting ASL scan, but the number of slices was increased to cover the lateral ventricles. A high-resolution structural scan was acquired with a fast spoiled gradient echo pulse sequence (172 contiguous sagittal slices; 1 mm thickness; FOV = 25 cm; TR = 8 ms; TE = 3.1 ms; flip angle = 12 • ; T 1 = 450; 256 × 192 matrix; Bandwidth = 31.25 kHZ; frequency direction = S-I; NEX = 1; scan time = approximately 7 min 30 s). During all 4 ASL runs, cardiac oximetry and respiratory effort signals were recorded using a pulse oximeter (INVIVO Magnitude 3150M patient monitor, Orlando, FL, USA) and a respiratory effort transducer (TSD201, BioPac Systems, Inc., Goleta, CA, USA) in order to reduce physiological noise and improve the signal-to-noise ratios in our ASL data (Restom et al., 2006) . Contrasts between the familiar and novel conditions were performed.
Structural MRI processing 2.5.2.1. Tissue segmentation. Whole brain images were
skull-stripped and segmented into gray matter, white matter, and CSF compartments. Following N3 bias correction of field inhomogeneities (Sled et al., 1998) , each scan was processed with Brain Surface Extractor (Version 3.3; Shattuck et al., 2001) , an automated method to fully remove all non-brain material. This approach has been shown to be very effective when working with the images of older adults (FennemaNotestine et al., 2006) . Scans were also manually edited when necessary to remove any residual non-brain material. Anatomical images were down-sampled to the resolution of the ASL image using Analysis of Functional NeuroImages (AFNI) software. Tissue segmentation was performed using FSL's FAST software (FMRIB's Automated Segmentation Tool; Zhang et al., 2001) . Whole brain volume was also derived and used in normalizing hippocampal, total gray matter, white matter, and CSF volumes (Bigler and Tate, 2001 ). Specifically, volumes were normalized by dividing the structure volumes by the whole brain volume and multiplying by 100 to correct for inter-subject differences in overall brain size.
Automated medial temporal lobe masks created in standard talaiarch space.
For the functional neuroimaging data analysis, regions of interest (ROIs) were delineated consisting of the bilateral hippocampus and parahippocampal gyrus. An automatic subcortical segmentation program (Freesurfer ASEG; Fischl et al., 2002) was applied to the anatomical image to delineate an ROI containing the hippocampus. A region growing algorithm was next used to derive an ROI containing the parahippocampal gyrus. Both ROIs were then visually inspected and manually edited in the coronal plane to increase precision. The hippocampal and parahippocampal ROIs were combined to form one MTL ROI to be used in the CBF and BOLD signal data analysis.
Manually outlined hippocampal and parahippocampal masks created in native space.
To improve precision for volumetric analyses through native space renderings, hippocampal and parahippocampal volumes were also manually outlined in the coronal plane. Volumes were delineated using AFNI software and completed by an experienced operator (KJB), who was blind to participant identity and group. High levels of inter-rater reliability for the procedure were established on a separate set of images not among those studied presently (intraclass correlation coefficients [ICC] >0.90). Hippocampal volumes were delineated using a stereotactic approach adapted from methods published previously (Han et al., 2007; Jak et al., 2007; Nagel et al., 2004) . The anterior boundary of the hippocampus was chosen as the coronal slice through the fullest portion of the mammillary bodies. At this level, the posterior boundary was traced on the last coronal slice on which the superior colliculi could be fully visualized. The temporal horn and alveus demarcated the dorsal and lateral boundaries. Ventrally, the hippocampus was bound by the parahippocampal white matter. Medially, the ambient cistern defined the hippocampal boundary.
Parahippocampal gyrus volumes were similarly estimated using a stereotactic approach adapted from methods published previously (Raz et al., 1997) . The anterior and posterior bounds of the parahippocampal gyrus were identical to those used to delineate the hippocampus. Dorsally, a horizontal line drawn from the most medial portion of the parahippocampal gyrus white matter to the most lateral point of the collateral sulcus demarcated the parahippocampal gyrus. Ventrally and laterally, the boundary was a line drawn from the most inferior part of the collateral sulcus to the white matter lateral to the collateral sulcus. Medially, the parahippocampal gyrus was bounded by CSF.
Functional MRI processing
Using AFNI software, a three-dimensional (3D) brick (or brik) was created from the structural scan slices. A 3D brick of each image file was generated for each TR of the time course of the PICORE QUIPSS II scanning sequence. Motion in the time series data was corrected by using the AFNI 3D volume registration program to register each acquisition to a selected reference volume with an iterated least squares algorithm to estimate three rotational and three displacement parameters for each participant. The anatomical volume was aligned with the functional volume with a MATLAB program that uses the scanner coordinates of each volume. Functional CBF images were generated from the running subtraction of the control and tag images (Liu and Wong, 2005) . Functional BOLD images were computed from the running average (average of each image with the mean of its two nearest neighbors) of the second echo (Liu and Wong, 2005) . For each subject, a mean ASL image was formed from the average difference of the control and tag images from the resting-state scan data. This mean ASL image was then converted to absolute units of cerebral blood flow (mL/100 g tissue/min) with use of the CSF image (Chalela et al., 2000) .
For the functional scans, ASL and BOLD runs were concatenated to form one time series per voxel for each type of scan and analyzed with a general linear model (GLM) framework as described in Restom et al. (2006) . Pre-whitening with the assumption of an autoregressive AR(1) model (Burock and Dale, 2000; Woolrich et al., 2001 ) was performed to account for temporal autocorrelations. Different physiological noise and low frequency nuisance term regressors were used for each run (Restom et al., 2006 ). An overall threshold of p < 0.05 (with correction for multiple comparisons) was used to define voxels with significant activation. The AFNI program AlphaSim (Cox, 1996) was used to account for multiple comparisons.
Partial volume correction
To correct the CBF measures for partial volume effects, we used the method previously reported by Johnson et al. (2005) . These calculations assume that CSF has zero CBF and that CBF in gray matter is 2.5 times greater than that of white matter. The following formula was used to compute partial volume corrected CBF signal intensities: CBF corr = CBF uncorr /(GM + 0.4 × WM). CBF corr and CBF uncorr are corrected and uncorrected CBF values, respectively. GM and WM are gray matter and white matter partial volume fractions, respectively. Information from the high-resolution structural image and the FSL Automated Segmentation Tool (FAST) was used to determine the tissue content of each perfusion voxel (Smith et al., 2004) .
Statistical analyses
Independent samples t-tests compared the means of the young and older adults on demographic, cognitive, and structural and functional neuroimaging variables. All group mean comparisons were inspected for homogeneity of variance assumptions via Levene's test. When Levene's test was significant (i.e., group variances were significantly different), the p-value associated with unequal variances was reported. Hierarchical multiple regression was used to determine the relationship of age to percent change in CBF and BOLD response after accounting for MTL volume and resting-state CBF, respectively. Pearson's product-moment correlations examined the association among age, cognitive performance, stroke risk, and FMRI (CBF and BOLD) response during picture encoding in the entire sample. Additional correlations limited to the older adult group were also computed. All analyses were run in SPSS (version 14.0).
Results
Demographic variables
The mean age was 77.00 years (S.D. 
Neuropsychological performance
The two age groups were compared on a number of neuropsychological measures of memory and executive functions. There were no significant differences in learn- ing and memory performance between young and older adults as measured by the CVLT-II (see Table 1 ), with the exception of one qualitative measure: greater repetitions (t = 2.77, p = 0.01) by the older adults. This group difference on CVLT-II performance was statistically significant when comparing standard scores but not when comparing raw scores. The mean CVLT-II summary learning measure for both groups was in the above average range (T-score >55) and long-delay free recall was in the average range (z-score ≥0.4), suggesting that neither group had difficulties in learning or memory abilities. Regarding the executive function measures, there were no significant differences in performance between the two groups on a number of the D-KEFS subtests with the exception of one score. Older adults demonstrated poorer performance on switching on the D-KEFS Design Fluency subtest relative to young adults (t = 2.15, p = 0.04; see Table 1 ). Again, both groups performed well within the normal range (mean scaled scores ≥10).
Resting-state CBF
During rest, older adults demonstrated significantly reduced MTL perfusion relative to their young counterparts (t = 2.50, p = 0.02; see Table 2 and Fig. 1 ). When each hemisphere was analyzed separately, older adults displayed decreased resting CBF in both right (t = 2.07, p = 0.05) and left MTL (t = 2.58, p = 0.02). 
Functional CBF and BOLD response during picture encoding
Age group comparisons
During novel picture encoding, older adults displayed a significantly larger percent change in CBF response compared to the young adults (t = 3.72, p = 0.002; see Table 2 and Fig. 2) , although there was no significant between-group difference in percent change BOLD signal during novel picture encoding (t = 1.81 p = 0.08). When each hemisphere was analyzed separately, older adults demonstrated a significantly larger percent change in right (t = 3.29, p = 0.004) and left hemisphere CBF response (t = 2.46, p = 0.02). Also, as expected there were no differences in right or left hemisphere BOLD response (both p-values >0.05).
Regression models
Results of hierarchical multiple regression analysis demonstrated that advancing age (β = 0.58, R 2 = 0.25, p = 0.003) significantly predicted a larger percent change in the functional CBF response to encoding above and 
Structural volumetry
The older and young adults did not differ on normalized volumes of the right hippocampus (t = 0.29, p = 0.78), left hippocampus (t = 0.77, p = 0.45), right parahippocampal gyrus (t = 1.92, p = 0.07), left parahippocampal gyrus (t = 1.40, p = 0.17), or whole brain white matter (t = 0.71, p = 0.49). However, normalized whole brain gray matter volume was significantly smaller (t = 11.54, p < 0.001) and normalized whole brain CSF volume (t = 11.99, p < 0.001) was significantly larger in older relative to young participants.
Correlational analyses
Older and young participants
Bivariate correlations were performed to examine the associations between age, cognition, and CBF and BOLD 
Older adults
In the older participant group, stroke risk was positively correlated with bilateral percent change in CBF response (r = 0.57, p = 0.03; see Fig. 3 ) and BOLD response (r = 0.63, p = 0.01), both of which appeared to be driven more by significant right-sided MTL associations (right CBF response: r = 0.65, p = 0.009; right BOLD response: r = 0.59, p = 0.02) than left-sided MTL associations (left CBF response: r = 0.28, p = 0.31; left BOLD response: r = 0.27, Fig. 3 . Scatterplot of the correlation between stroke risk and bilateral medical temporal lobe (MTL) percent change cerebral blood flow (CBF) during picture encoding for the older adult participants. p = 0.33). Also, consistent with several previous reports, individuals with higher blood pressure demonstrated poorer performance on cognitive measures (Kilander et al., 1998; Knopman et al., 2001; Swan et al., 1998b; Tzourio et al., 1999) . Specifically, there was a significant association between systolic blood pressure and memory (CVLT-II recognition memory accuracy: r = −0.56, p = 0.05) measures. Finally, corroborating previous findings (Seshadri et al., 2004) , there was an inverse association between stroke risk and brain volume: Normalized whole brain gray matter volume was inversely associated with stroke risk (r = −0.65, p = 0.04).
Discussion
Results of the present study revealed a number of important considerations for FMRI studies of aging. First, a significant reduction in resting-state perfusion in older adults relative to their younger counterparts was observed. This finding is consistent with several ASL, PET, and SPECT studies demonstrating age-related reductions in resting-state CBF and cerebral metabolic rate of glucose (e.g., Hagstadius and Risberg, 1989; Parkes et al., 2004; Petit-Taboue et al., 1998) , although rates of perfusion decreases have varied. One particularly relevant study of 34 healthy adults (aged 20-67 years) using continuous arterial spin labeling (CASL) reported gray matter perfusion reduction of 0.45% each year (Parkes et al., 2004) . The current study corroborates this and other previous findings of age-related differences in CBF and demonstrates consistency of the ASL method with the broader literature for the quantitative study of perfusion in aging.
Past findings regarding the impact of baseline CBF on BOLD response during functional tasks have been somewhat more equivocal (Stefanovic et al., 2006) . For instance, increased baseline CBF produced by carbon dioxide (CO 2 ) inhalation, acetazolamide administration, hyperventilation, or caffeine use has been associated with both decreased (Bandettini and Wong, 1997; Brown et al., 2003; Cohen et al., 2002) and increased BOLD response (Cohen et al., 2002; Mulderink et al., 2002) . In addition, vasoconstrictive indomethacin administration has been accompanied by a decreased BOLD response (Bruhn et al., 2001) . Despite these inconsistencies in the literature, studies demonstrate that baseline physiology impacts the magnitude of BOLD activation. Age-related baseline CBF and cerebrovascular alterations have been reported and the present findings of baseline hemodynamic differences across age may contribute, in part, to findings of age-related differences in BOLD contrast analyses. Therefore, resting-state CBF is an important consideration when interpreting functional neuroimaging results of the BOLD response.
In addition, older adults demonstrated a significantly larger percent change in CBF response while viewing novel pictures as compared to the young participants, although a concomitant increase in the BOLD response was not observed. These differences in the CBF response were seen in the absence of discrepant performance on primary measures of learning and memory. This finding suggests that perfusion imaging has the potential to detect age-related alterations in MTL response to learning that go undetected when examined with the BOLD signal. Our findings further suggest that CBF and BOLD data yield different information and, therefore, the combination of both techniques may better elucidate brain activation patterns than either technique in isolation. However, it should be noted that greater percent change CBF during novel relative to familiar image presentation could reflect a lower level of absolute CBF response during the familiar image condition. As our recent work (Restom et al., 2007) suggests, the greater percent change CBF response during novel picture encoding in the older participants may reflect a lower level of CBF response during the familiar image condition, which would be consistent with the observed age-related reduction in resting-state CBF.
Regarding cognitive performance, across both age groups, better performance on word-list learning was associated with a larger percent change in left MTL CBF response. These associations between CBF response and episodic memory suggest that participants with better performance on certain memory measures may have been invoking compensatory upsurges in CBF response to support successful memory operations. In contrast, percent change in BOLD signal during novel picture encoding was not significantly associated with any measures of cognition. Thus, in the present study it appears that CBF rather than BOLD response was better related to memory performance in ostensibly healthy and non-demented older adults.
In the older participant group, consistent with several previous reports, we also found higher blood pressure to be associated with poorer performance on cognitive measures (e.g., Elias et al., 1993; Kilander et al., 1998; Knopman et al., 2001; Swan et al., 1998b; Tzourio et al., 1999) and smaller brain volumes (e.g., Akiyama et al., 1997; Swan et al., 1998a) . Systolic blood pressure but not stroke risk showed a significant association with cognition. One distinction to note is that the FSRP is comprised of a combination of current and cumulative risk factors, whereas systolic blood pressure is a current index of the cerebrovascular system taken on the day of scanning and, as such, may represent a better index of cerebrovascular integrity than those factors assessing lifetime risk. As Knopman et al. (2001) stated, the associations among individual risk factors is very complex. It is possible that the effects of hypertension vary from other risk factors (e.g., diabetes) included in our stroke risk assessment in terms of the locus or mechanisms of brain injury.
In recent years, interest has increased in examining the relative contributions of vascular risk factors (e.g., hypertension, diabetes, coronary artery disease) to the pathogenesis or exacerbation of age-related degenerative diseases like Alzheimer's disease (AD), and recent studies have shown white matter (WM) lesions to be important predictors of subsequent cognitive decline in mild AD (Honig et al., 2003) . Adak et al. (2004) also reported that greater abnormal WM volumes were associated with shorter times to convert either from normal to 'questionable dementia' or from 'questionable' to mild dementia. Knopman et al. (2005) demonstrated a link between diabetes and cerebral atrophy in their sample of normally aging older adults and suggested that reduced cerebral perfusion and subtle microinfarction may be linked to the observed atrophy and concomitant cognitive decline. Even older adults in relatively good health experience ischemic brain changes before the development of frank, clinically diagnosed cerebrovascular disease (McPherson and Cummings, 1997; Raz et al., 1998) . Although speculative, some of the determinants of abnormal WM likely include those captured by the stroke risk assessment used in the present study. Of course, such risk factors may also interact with one another or with still other risk factors such as advancing age. Thus, interest in the determinants of WM lesions in aging and their impact on cognition and risk for conversion to diseases such as AD has risen, especially because many of these risk factors may prove to be modifiable by medications, diet, or other lifestyle variables.
For functional neuroimaging studies with older adults, if stroke risk is not assessed, cognitive decline may be attributed to aging when it may be at least partially due to cerebrovascular alterations. In the present study, all older adults were healthy and thus there was little variability in our stroke risk profiles (i.e., the stroke risk score only ranged from 5 to 15 points out of a possible 48 points), which resulted in a truncated range for our correlative analyses. Despite these limitations, we nonetheless observed some important relationships between measures of stroke risk and imaging and cognition. A larger sample size and increased variability in stroke risk profile may reveal additional relationships between CBF and BOLD responses and cognitive variables.
Despite the CBF and BOLD changes noted, neither provides a direct quantitative measure of the neural activity within this region. Rather, they provide a qualitative estimation at best. Nevertheless, our data demonstrate that the two measures are not redundant and provide complementary information. Ultimately, combination of ASL with BOLD is a method that, when combined with a vasodilatory stimulus like carbon dioxide inhalation, will allow for a direct quantitative estimate of metabolic change (e.g., CMRO 2 ; Davis et al., 1998; Hoge et al., 2005) . The estimation of CMRO 2 is a well-defined physiological quantity that is tightly linked to neural activity, and the opportunity to non-invasively estimate a quantitative measure linked to neural activity will be particularly valuable for clinical studies where factors such as disease, medication, and age can greatly impact the cerebrovascular system and cause changes in CBF and BOLD measures that are unrelated to changes in neural activity.
Our preliminary work in this area (for reviews, see Brown et al., 2007; Wierenga and Bondi, 2007) suggests that aging results in differences in baseline cerebral blood volume or differences in baseline O 2 extraction fraction. According to the deoxyhemoglobin dilution model (see Brown et al., 2007, for discussion), BOLD contrast can give misleading information about the underlying metabolic activity of neurons when differences in baseline CBV or CMRO 2 are present. There is an inherent ambiguity of interpreting BOLD response in isolation, especially in the presence of influencing factors such as age, disease, or disease risk. Combined ASL/BOLD imaging thus offers a considerably richer set of indices by which to characterize the hemodynamic response to cognition.
As an applied MRI technique, ASL has only recently begun to be used with clinical populations such as Mild Cognitive Impairment and Alzheimer's disease (Johnson et al., 2005) . Perfusion serves as an index to assess brain function and integrity in certain susceptible regions (e.g., MTL, posterior cingulate). Thus, ASL has important implications for diagnosis, treatment monitoring, and outcome prediction in dementia, stroke, and other neurological diseases (Warach et al., 1996) . Initial studies assessing both BOLD and CBF in the MTL during encoding have demonstrated the feasibility of this technique in older adults (Restom et al., 2007) . The main challenge is the relatively low contrast-to-noise ratio of the CBF measures. Technological advances (e.g., higher field strength) will further improve the temporal and spatial resolution of ASL and facilitate the use of combined BOLD and ASL data (Fernandez-Seara et al., 2007) . The combination of CBF data with BOLD responses to yield CMRO 2 information may be particularly useful in interpretation of FMRI study results and has the potential to help reconcile many discrepancies that currently exist from BOLD studies.
Despite our intriguing findings with ASL/BOLD imaging, the present study has several caveats. In imaging-based comparative aging studies, one must account for between-group differences in degree of atrophy by age. In an effort to reduce these potential differences, we used a partial volume correction on each data set and native space ROI tracings to avoid errors that may occur when normalizing brains with varying degrees of atrophy to the same standard space template. Such steps, though helpful, may not completely eliminate atrophic differences between our groups. In correcting for partial voluming, we assumed that the CBF in gray matter is 2.5 times larger than that in white matter. It is important to acknowledge that this ratio may change with age. However, Restom et al. (2007) performed 3 sets of CBF estimates: one estimate in which they assumed that gray matter CBF is 2.5 times larger than white matter CBF, a second in which they assumed that CBF reflected gray matter only, and a third estimate in which they made no partial volume correction. Restom et al. (2007) reported that significant between-group differences remained the same regardless of which estimate was used to perform the partial volume correction. Corroborating that finding, Johnson et al. (2005) also reported no significant differences in their results when they used the partial volume correction compared to when they did not.
Another consideration is that older adult groups may include individuals with preclinical disease. In order to ensure that our older participants were free from cognitive, neuro-logical, or other disease, they were carefully assessed for the presence of cognitive impairment, significant stroke risk factors, and medical and psychiatric conditions known to affect cognition. Our older group was found to be free of medical or psychiatric disease, cognitive impairment, or significant stroke risk. Moreover, 4 of our 15 older adult participants (or 26%) were carriers of the APOE 4 allele -a genetic susceptibility factor for Alzheimer's disease -a percentage that roughly corresponds to its 20-25% frequency of occurrence in the population (Corder et al., 1993; Ghebranious et al., 2005) . Thus, our sample was not disproportionately at increased risk for preclinical disease. Future efforts targeting at-risk groups (e.g., mild cognitive impairment, genetic risk, etc.) using functional ASL/BOLD imaging will help clarify the complex interactions underlying neurovascular coupling and ultimately provide a better understanding of neural substrates leading to cognitive dysfunction.
In summary, we have demonstrated differences between CBF and BOLD response to learning between ostensibly healthy young and older adults that are suggestive of agerelated compensatory mechanisms. However, whereas the lack of difference in the BOLD responses could be interpreted as evidence for no change in neural activity with age, the significant difference in the percent CBF responses could be interpreted as evidence for an age-related compensatory increase in task-related neural activity. However, a definitive interpretation is lacking in the absence of a direct quantitative estimate of neural activity such as from measurement of CMRO 2 response during learning. Future studies may be able to obtain such an estimate through simple breath-hold or CO 2 inhalation challenges (see Davis et al., 1998) .
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